We study low energy excitations in the quantum breathing pyrochlore antiferromagnet Ba 3 Yb 2 Zn 5 O 11 by combination of inelastic neutron scattering (INS) and thermodynamical properties measurements. The INS spectra are quantitatively explained by spin-1/2 single-tetrahedron model having XXZ anisotropy and Dzyaloshinskii-Moriya interaction. This model has a two-fold degeneracy of the lowest-energy state per tetrahedron and well reproduces the magnetization curve at 0.5 K and heat capacity above 1.5 K. At lower temperatures, however, we observe a broad maximum in the heat capacity around 63 mK, demonstrating that a unique quantum ground state is selected due to extra perturbations with energy scale smaller than the instrumental resolution of INS.
In geometrically frustrated magnet, a macroscopic degeneracy remains in the ground state at zero temperature, as long as the geometry is preserved. Such a situation contradicts the third law of thermodynamics and small perturbations, which can induce non-trivial quantum states, play an important role in avoiding the breakdown of the basic law 1, 2 . A classic example of the violation of the third law is given by a regular tetrahedron of S = 1/2 Heisenberg spins; this has a nonmagnetic ground state with a two-fold degeneracy. In nature, however, neither perfect isolation nor absence of coupling to other degrees of freedom is achieved and a non-degenerate state is induced by a perturbation. In the presence of spin-lattice coupling the lifting of the degeneracy is accompanied by the distortion of the tetrahedron, which is called the spin Jahn-Teller effect 3 . In the case of a three-dimensional (3D) lattice of corner sharing tetrahedra, i.e., the pyrochlore lattice 3, 4 , the distortion is cooperatively propagated over the crystal, causing a magnetostructural phase transition 5, 6 . For an isolated regular tetrahedral system, on the other hand, experimental study is rare for lack of model compound. The search for a simple and isolated system is a challenge to the third law, leading to discovery of new state of matter at very low temperatures.
In the absence of spin-lattice coupling in the Heisenberg spin pyrochlore system the degeneracy is lifted by 3D spin coupling of the magnetic ground state. This leads to quantum spin liquid 7 , ordering of spin singlet state 8, 9 , or chiral order state 10, 11 . The breathing pyrochlore lattice, i.e., one consisting of arrays of alternating large and small tetrahedra, has been found for the S = 3/2 spinels LiACr 4 O 8 (A = In and Ga) 12, 13 . The lattice is an experimental realization of a theoretical perturbation expansion method used for the pyrochlore lattice 7, 8, 10 . Theory predicts a spin liquid ground state for this model 14 ; however, LiInCr 4 O 8 13 exhibits a magnetostructural transition due to the spin Jahn-Teller effect similar to that observed in conventional pyrochlore compounds 5, 6, [15] [16] [17] . Thus the material that preserves the breathing pyrochlore geometry at low temperature will be important. INS experiments were performed using the neutron spectrometer PELICAN 20 at ANSTO. We utilized setup I using an incident energy E i of 2.1 meV and setup II using an E i of 3.6 meV. Setup I afforded a resolution of 0.059 meV full width half maximum (FWHM) at the elastic line, while setup II gave 0.135 meV.
The INS spectra measured using setup I are shown in Figs 18 and that of S = 1/2 anisotropic spin tetrahedron in the present study. mately cluster excitations and the effect of any intercluster excitation is small and hidden in the instrument resolution. At 6 K the intensities of these three excitations are suppressed and additional flat bands are observed at different ω's. In all panels there are several streaks observed in the range ω 0.4 meV which was ascribed to acoustic phonons. Figure 1(e) shows the INS spectrum obtained using setup II while panel (f) shows the Q dependence of the intensity integrated over the range 0.25 meV < ω < 0.95 meV.
The symbols in Figs. 2(a) and 2(b) shows the one dimensional energy cuts from the data presented in Figs. 1(a) and 1(c), respectively. The peaks are fitted by Gaussian functions with FWHM restricted to that of instrumental resolution to estimate the peak energies and the intensities. The peak energies at 1.5 K are 0.39, 0.52, 0.73 and 0.78 meV. At 12 K additional peaks are observed in Fig. 2(b) . The temperature dependence of the four excitations observed at 1.5 K are shown in Fig. 2(c) , while the additional excitations at 12 K are shown in Fig. 2(d) . The former monotonically decrease with increasing temperature while the latter show the opposite behavior. This implies that those excitations at 1.5 K are ground state transitions and those at 12 K originate from excited states.
Figure 2(e) shows one-dimensional energy cuts from the INS spectra at 1.5 K in Fig. 1 (e) using setup II. A peak is observed at 1.75 meV in addition to the peaks in setup I. The Q dependence of the intensity in Fig. 1(f) exhibits broad maximum at Q max ∼ 1.25Å −1 . This means that antiferromagnetic correlation between the spins, the characteristic length scale of which is π/Q max , is enhanced. The dispersionless excitations with the Q dependent intensity means that the neutron spectrum is dominated by an antiferromagnetic cluster within the instrumental resolution.
For analysis on INS spectra we assume a spin tetrahedron model. The number of the excitations observed at the base temperature is four, which is inconsistent with Heisenberg S = 1/2 spin tetrahedron. We, therefore, consider the following general expression 22 :
Here i and j are the labels of the spins on the tetrahedron and ν and µ represent Cartesian coordinates x, y, and z which are defined along the crystallographic a, b and c-axes, respectively. The position vectors for the spins are 12 one gets,
Using the Hamiltonian in Eq.
(1) and the interaction tensor J i j , we calculate the neutron scattering cross section. We performed a numerical fitting to the peak energies and their intensities measured at T = 1.5 K in setup I using a genetic algorithm. The fitting parameters are J 1 , J 2 , J 3 , J 4 and a scale factor. Here J 1 is an XY type interaction, J 2 is Ising type, J 3 is a pseudo-dipole-type and J 4 is Dzyaloshinskii-Moriya (DM) type. The magnitude of the Dzyaloshinskii correspond to √ 2J 4 . The best fit parameters are:
These are consistent within error to those obtained from independent INS experiments reported recently by another group 23 . The results show that the system has an easy-plane XXZ type anisotropy with the DM-type interaction about 30 % of the main interaction. The predicted intensities have been convoluted with the instrumental resolution and are indicated by the solid red curves in Figs. 2(a) and 2(b) . Similarly the predicted temperature dependence is shown in Figs. 2(c) and 2(d) by the solid black curves. All the data are reproduced by the calculations. The data collected using setup II in Fig. 1(e) is also reproduced using the same set of parameters. Thus we can conclude that the neutron data are explained by S = 1/2 spin tetrahedron including DM interaction in the temperature range 1.5 K ≤ T ≤ 40 K.
The energy levels obtained in the INS experiment are shown in right hand panel of Fig. 2(f) . The eigenenergies are calculated using the parameters from Eqs. (3)- (6) . For reference the energy level obtained by bulk measurements 18 on the basis of Heisenberg model is shown in the left panel. The energy levels of the Heisenberg model is characterized by a total spin S total = S 1 +S 2 +S 3 +S 4 . The nine-fold degeneracy of the first excited state of S = 1 is lifted by the XXZ anisotropy and DM interactions. Similarly the degeneracy of the S = 2 state is lifted. The doublet of the ground state is, however, lifted neither by the anisotropy nor DM interaction in the framework of isolated tetrahedron Hamiltonian. In the present model, total spin S total is no longer a good quantum number because DM interaction mixes the eigenstates in isotropic Hamiltonian. This modifies the selection rules of neutron scattering and allows finite matrix components for the transitions among all the eigenstates and leads to the observation of many excitations in the INS spectra.
The anisotropic exchange parameters determined using INS was then used to calculate the thermodynamic properties of the Hamiltonian Eq. (1) and a comparison to experiment was made. Figure 3(a) shows the heat capacity calculated using Eq. (1), together with that measured in a previous study 18 . The data is reasonably reproduced by the calculation for T ≥ 1.5 K; a broad peak at T ∼ 2.5 K indicates the Schottky anomaly associated with the excited states in the range 0.39 meV ≤ ω ≤ 0.78 meV as shown in Fig. 2(f) . An excellent agreement between experiment and calculation is also observed for the full magnetization curve at 0.5 K in Fig. 3(b) . Here the best reproduction of the data was with an anisotropic g tensors g ⊥ = 2.78 and g = 2.22, where the principle axis of the g factor is taken alongr i . This easy-plane anisotropy of the g-tensor is consistent with the previous study. The magnetization curve exhibits two pronounced steps at H C1 ∼ 3.5 T and H C2 ∼ 8.8 T; these correspond to the transitions from the doublet ground state to the first set of excited states in the range of 0.39 meV ≤ ω ≤0.78 meV and the first set to the second set at ω ∼ 1.75 meV in Fig. 2(f) . The effect of the anisotropic exchange interactions manifests in the non-equivalent distance of the steps and the ramp-like structure rather than the stairlike structure. The former are not expected for a Heisenberg spin tetrahedron model. The anisotropic exchange interactions mix the S total = 0 and S total = 1 states, giving rise to a finite magnetic moment of the lowest energy doublet with S total GS = 0.13, which is consistent with the finite slope at H < 2.5 T.
Thus, the anisotropic S = 1/2 single tetrahedral model can account for multiple experimental data: the INS spectra at 1.5 K in the range of ω 0.15 meV, the magnetization curve at 0.5 K, and heat capacity above 1.5 K. However, this model has a two-fold degeneracy of the lowest energy state, from which the real ground state should be selected by additional interactions that are not included in this model. Therefore we performed heat capacity measurements in the range 24 mK to 1 K, the results of this are shown in Fig. 3(c) . Rather than a sharp peak indicative of a phase transition, the heat capacity exhibits a broad peak at T ∼ 63 mK. The entropy change per Yb 3+ ion is calculated to be 1.4 J/K ∼ R/4 ln(2); the calculation is shown as the solid line in Fig. 3(d) . Such a change in entropy corresponds to the release of two degrees of freedom per spin-tetrahedron. Thus, the heat capacity measurements at low temperature demonstrate that a unique ground state is finally selected from the doublet ground state of the single tetrahedral model.
To explain the heat capacity and entropy change, we firstly assume that the doublet ground state of all the spin tetrahedra is lifted by a single energy gap E g . This corresponds to the assumption that all the Yb 4 tetrahedra are uniformly distorted. The dashed curve in Fig. 3(c) is the calculation using E g = 0.012 meV; the calculated heat capacity is dominated by Schottky behavior from the two level system of the split doublet. The peak is much narrower than that of experiment and the model does not explain the data. Secondly, we assume that E g has distribution, which includes the possibilities of different E g for each spin tetrahedron and dispersive E g due to inter-tetrahedra interaction. We use Lorentzian function for the distribution of E g with the peak center E c = 0.010 meV and the FWHM E l = 0.016 meV. The calculated heat capacity and entropy change are indicated by red solid curves. The calculation reasonably reproduces the data. (1) but a non-trivial quantum state. The possible perturbations for lifting this degeneracy should be discussed; one possibility is that there is an interaction between spin tetrahedra, although this is small. The theory of Heisenberg spin tetrahedra predicts that a partial ordering is induced and the energy gap is estimated as 10
2 intra 8 , where J intra and J inter are the intra and inter tetrahedron interactions, respectively. Since no dispersion is observed within the instrumental resolution of 0.059 meV we can assume that the band width of the excitations is smaller than this value. This leads to the estimation of an upper bound for J inter of 0.015 meV using the RPA approximation. Note that J intra ∼ 0.5 meV in Eq. (3), and the magnitude of the calculated gap is too small to explain the observed gap. However a large asymmetric interaction, J 4 , is obtained, this is 20% of J 1 and J 2 . The theory considering DM interactions with a magnitude of a few percent of the main Heisenberg interaction suggests that the energy gap of the partial ordering of dimers is qualitatively enhanced 26 . Furthermore a chiral ordered phase is predicted at lower temperatures. The candidates for the quantum ground state are therefore either a partial ordering of dimers or a chiral ordered state induced by a combination of inter-tetrahedra interactions and a large DM interaction.
Another possibility for the perturbation is spin lattice coupling. In a single spin S = 1/2 tetrahedron coupled to the lattice, the ground state doublet is lifted by the spin JahnTeller (JT) mechanism 3 . In the spinel compounds ZnV 2 O 4 and MgV 2 O 4 3,4 a magnetostructural transitions was observed, which was due to a coupling of the interaction pathways and the three dimensional lattice. While in MgCr 2 O 4 a precursor to the spin JT was observed above the transition due to the spin dynamical JT (DJT) effect 27 . In contrast to the uniform array of tetrahedra in the pyrochlore lattice, the Yb 4 9 28,29 , where the Cu 2+ tetrahedra are faceshared by JT-inactive SbO 6 octahedra and thus isolated; this suppresses the static JT distortion and a quantum spin liquid is induced by DJT 30, 31 . In analogy to Ba 3 CuSb 2 O 9 the spin DJT is a candidate for the microscopic mechanism of the suppression of the structural transition and the appearance of a quantum spin liquid in Ba 3 Yb 2 Zn 5 O 11 . However, no equivalent theory has been reported for the breathing pyrochlore lattice and the ground state is still an open question.
